), resulting from the in situ metal-ion-assisted amide−iminol tautomerism of shaH 2 , was found to bridge both Mn and Ca atoms. Complexes 1−4 exhibit a variety of different structures, metal stoichiometries, and Mn oxidation-state descriptions; 1 possesses an overall octahedral metal arrangement, 2 can be described as a Mn 4 Ca 2 octahedron bound to an additional Mn 2 unit, 3 consists of a Mn 8 "ring" surrounding a Ca II atom, and 4 adopts a rectangular cuboidal motif of eight Mn atoms accommodating two Ca II atoms. Solidstate direct-current magnetic susceptibility studies revealed the presence of predominant antiferromagnetic exchange interactions between the Mn centers, leading to S = 0 spin ground-state values for all complexes. From a bioinorganic chemistry perspective, the reported compounds may demonstrate some relevance to both high-valent scheme (3) and lower-oxidation-level species (1, 2, and 4) of the catalytic cycle of the oxygen-evolving complex.
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■ INTRODUCTION
The oxygen-evolving complex (OEC) of photosystem II (PSII) splits water into molecular O 2 , protons, and electrons in green plants, algae, and cyanobacteria, generating the reducing equivalents and proton gradient that drive the rest of the photosynthetic process in the presence of sunlight.
1 Extensive research endeavors have been directed toward the synthesis of structural models (i.e., coordination compounds) that would potentially be able to mimic the structural and electronic properties of the inorganic core of OEC. 2 This would subsequently allow scientists to gain insight into the properties and function of the biological catalyst, as well as to understand and correlate the structural role of several components (i.e., metal ions, ligands, etc.) with the activity of the native enzyme itself toward the development of artificial photosynthesis. 3 The OEC contains a heterometallic {Mn 4 CaO 5 } cluster (Scheme 1), 4 also known as the water-oxidizing complex (WOC), which consists of an oxido-bridged {Mn 3 CaO 4 } distorted cubane unit linked to a fourth, dangling Mn atom through one of the unit's oxido bridges and an additional bis-μ-O 2− group (O5; Scheme 1). Peripheral ligation about the overall {Mn 4 CaO 5 } core is mostly provided by aspartate and glutamate carboxylate groups of various polypeptide moieties, as well as one histidine (N His332 ) and four H 2 O molecules or water-derived ligands (W1−W4; Scheme 1).
5 X-ray absorption spectroscopy, including extended X-ray absorption fine structure and X-ray absorption near-edge spectroscopy, has been an invaluable tool in assessing the metal topology, stoichiometry, and distances between atoms that compose the OEC. 6 These studies, along with electron paramagnetic resonance (EPR) spectroscopy, 7 have allowed for the description of the Mn oxidation states at each of the S states (S n , where n = 0−4) of the catalytic Kok cycle, where the subscript indicates the number of stored oxidizing equivalents. 8 The Mn ions at the various S n Kok states exist in high oxidation states and are described as a mixture of Mn III , Mn IV , and probably Mn V . 1,2,9 The S 0 state is 3Mn III /Mn IV , the dark-stable S 1 state is 2Mn III 
/2Mn
IV , the S 2 , which is probably the most studied Kok state, is Mn III /3Mn IV , the metastable S 3 state has a 4Mn IV or Mn III /3Mn IV -ligand radical description, and the transient S 4 state is either a 4Mn IV -ligand radical description or 3Mn IV /Mn V . 10 During the fourth oxidation, O 2 is evolved, and the catalyst is reset to the S 0 state. In addition, the presence of the Ca II atom is very important for the activity of the OEC; without its existence, the OEC could not advance to the metastable S 3 state. 11 The substitution of other metal ions for Ca II leads to inhibition of the catalytic activity, except for Sr II , which partially recovers activity. 12 Furthermore, the first atomic-resolution (1.9 Å) model of the native OEC by Umena and co-workers 13 revealed the presence of two Cl − atoms in the vicinity of the {Mn 4 Ca} cluster, as well as one bicarbonate ion in close proximity. These anions have mainly a structural role, and they serve to stabilize the catalytic center of the OEC. In contrast, the coordinated oxido groups appear to have a more crucial role in the stabilization of the high Mn oxidation states, the satisfaction of the Ca II oxophilicity, and eventually the assembly of the five metal ions into the extended, distorted cubane topology of the OEC.
14 Oxides are usually generated from the complete deprotonation of H 2 O molecules; the process by which the OEC is assembled, called photoactivation, utilizes Mn, Ca, Cl − , H 2 O, and oxidizing equivalents resulting from light absorption. 15 The determination of kinetically distinct species during the photoactivation process and the reduction of the S n intermediates in the Kok cycle have led to species in oxidation states lower than S 0 , which do not require the presence of oxido groups;
16 these S n states (n = 1−, 2−, 3−) are known as the reduced OEC states and contain Mn ions in lower oxidation states (i.e., Mn II , Mn III ). 17 During the catalytic turnover, loweroxidation-state species with lower O-atom content must be generated upon the loss of molecular O 2 . 18 The ligand set environment is then responsible for the periodic reorganization, reoxidation, and reoxygenation of the {Mn 4 CaO x } cluster. 19 Therefore, the synthesis and detailed study of synthetic analogues of the OEC containing Mn ions in the 2+/3+ oxidation states would also be interesting and would greatly enhance our understanding of the spectroscopic, physical, and catalytic properties of the WOC, as well as its reactivity and functional characteristics.
Although multinuclear, homometallic Mn clusters at various oxidation-state levels and descriptions have been extensively reported over the last 2 decades or so, 20 heterometallic Mn−Ca molecular cluster chemistry has been only sparingly developed. 21 Agapie and co-workers, 22 Zhang and co-workers, 23 and a few of us 24 have reported some of the closest structural models to the native OEC core, all containing the desired {Mn 3 CaO 4 } cubane core and Mn atoms in high oxidation states (i.e., Mn IV ). In all cases, different chelating and bridging ligands have been utilized, including carboxylates and pyridyl polyalcohols, among others. These molecular compounds nicely resemble some of the latter S states (S 2 and S 3 ) of the catalytic Kok cycle within the native OEC. Along these lines, Pantazis and co-workers have recently reviewed the individual or combined synthetic targets for the structural biomimetic chemistry of the OEC. 25 We have recently started a program aimed at the exploration of the low oxidation states (S n states; n = 1−, 2−, 3−) of the catalytic cycle through the synthesis of heterometallic Mn−Ca complexes with unique structural motifs, diverse topologies, and different Mn oxidation-state descriptions that would not require their stabilization and crystallization to occur in the presence of bridging oxido groups. 26 Following up with the elegant work of Pecoraro and co-workers in 3d and 3d/4f-metal chemistry, 27 we have also shown that salicylhydroxamic acid (shaH 2 ; Scheme 2), a photosynthetically effective group, 28 can undergo a metal-assisted amide−iminol tautomerism, which leads to the ligand salicylhydroxime (shiH 3 ; Scheme 2). The latter is an oximate-based ligand with four coordination sites available for binding to both Mn and Ca metal centers. The employment of shiH 3 in Mn−Ca chemistry has previously led us to the synthesis of the first family of oxido-free {Mn III 4 Ca} complexes with a square-pyramidal topology and the exact metal stoichiometry as that found in the native OEC. 26 In this work, we have discovered new synthetic conditions to unveil four different heterometallic Mn−Ca/shi 3− complexes with diverse nuclearities, metal stoichiometries, and oxidation-state descriptions of relevance to both high and low oxidation states X-ray Crystallography. A brown single crystal of complex 1· 3Me 2 CO·2.8H 2 O was mounted in a capillary with drops of mother liquid because they were destroyed immediately when immersed in the crystallographic oil; this was confirmed by the presence of many partially occupied solvate molecules. Diffraction measurements were made at room temperature on a Rigaku R-AXIS SPIDER image-plate diffractometer using graphite-monochromated Cu Kα radiation. Data collection (ω scans) and processing (cell refinement, data reduction, and empirical absorption correction) were performed using the CrystalClear program package. 30 The structure was solved by direct methods using SHELXS-97 31,38 and refined by full-matrix least-squares techniques on F 2 with SHELXL, version 2014/6. 32 All non-H atoms were refined anisotropically, except from those belonging to partially occupied solvate molecules, which were refined isotropically. All H atoms were introduced at calculated positions as riding on their respective atoms. No H atoms for the partially occupied solvate molecules were included in the refinement. The O2W and O41 atoms that belong to the coordinated H 2 O and acetone molecules are disordered with site occupancies of 0.5.
Data for complexes 2·2Et 2 O·CH 2 Cl 2 and 3·3EtOH·H 2 O were collected on a beamline 11.3.1 at the Advanced Light Source, Lawrence Berkeley National Laboratory. Samples were mounted on MiTeGen kapton loops and placed in a 100(2) K cold nitrogen stream provided by an Oxford Cryostream 700 Plus low-temperature apparatus on the goniometer head of a Bruker D8 diffractometer equipped with a PHOTON100 CMOS detector operating in shutterless mode. Diffraction data were collected using monochromated synchrotron radiation [silicon(111) to wavelengths of 0.8856(1) and 0.7749(1) Å for 2 and 3, respectively]. An approximate full sphere of data was collected using a combination of ϕ and ω scans with scan speeds of 1 s/4°for the ϕ scans, and 1 and 3 s/deg for the ω scans at 2θ = 0 and −45°, respectively. The structures were solved by intrinsic phasing (SHELXT) and refined by full-matrix least squares on F 2 (SHELXL-2014). All non-H atoms were refined anisotropically. H atoms were geometrically calculated and refined as riding atoms. For complex 2, the coordinated pyridine molecules were found to be disordered and the C atoms have been modeled over two sites with complementary occupancies. Some minor rotational disorder was also found for the aromatic rings of the shi 3− and PhCO 2 − groups. The free pyridinium cation is rotationally disordered over two sites, such that the −NH group can occupy one of the two symmetry-related sites. The C and N atoms that occupy this site have been refined with an occupancy of 0.5, with the same xyz coordinates and isotropic displacement parameters as each other. The partial occupancy of the CH 2 Cl 2 molecule was found to be disordered over two symmetryrelated sites, and the atoms were refined isotropically with a site occupancy of 0.5. The C3E−C4E ethyl chain of the Et 2 O molecule was found to be disordered; however, only the major orientation of this chain could be modeled satisfactorily (occupancy of 0.81). For complex 3, all non-H atoms belonging to the cluster were located. The aromatic ring of one shi 3− ligand was found to be disordered and has been modeled over two sites with complementary site occupancies. In addition to the cluster compound, there are two triethylammonium (NHEt 3 + ) cations, three guest EtOH molecules, and a H 2 O molecule. The two NHEt 3 + cations were found to be disordered and have been modeled over two locations. Similarly, the EtOH molecules were each found to be disordered and have been modeled over two or three different positions. Equivalent atoms have been constrained to have equal U ij values. Different orientations of the same molecule have been restrained to have equal bond lengths and angles by using the RESI and SAME commands. The ammonium H atom belonging to the minor orientation of the N1a cation has been held in place using SDAI commands and keeping an equal distance between the H atom and three C atoms bound to the central N atom. All ammonium and hydroxido H atoms were located at the difference map, fixed at distances of 0.88 and 0.84 Å from the N or O atoms, respectively, to which they are bound, and given a thermal displacement parameter of 1.2 or 1.5 times that of the corresponding N or O atom to which they are bound. Not all hydroxido or water H atoms could be located during the refinement. These "missing" H atoms have been included in the molecular formula but not in the final model.
A selected crystal of complex 4·9CHCl 3 was manually harvested and mounted on a cryoloop using adequate oil. 33 All of the single crystals chosen for data collection showed very weak X-ray diffraction patterns under the accessible Mo Kα radiation. It was not feasible to obtain any better diffraction for this complex, but the reported data are of good enough quality to adequately confirm the metals' connectivity and most of the molecules in the crystal lattice. Diffraction data were collected at 150.0(2) K on a Bruker X8 Kappa APEX II chargecoupled-device area-detector diffractometer controlled by the APEX2 software package 34 (graphite-monochromated Mo Kα radiation, λ = 0.71073 Å) and equipped with an Oxford Cryosystems series 700 cryostream monitored remotely with the software interface Cryopad.
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Images were processed with the software SAINT+, 36 and absorption effects were corrected with the multiscan method implemented in SADABS. 37 The structure was solved using the algorithm implemented in SHELXT-2014 38, 39 and refined by successive full-matrix leastsquares cycles on F 2 using the latest SHELXL-v.2014. 38, 40 The non-H atoms were successfully refined using anisotropic displacement parameters. H atoms bonded to C atoms were placed at their idealized positions using the appropriate HFIX instructions in SHELXL and included in subsequent refinement cycles in a ridingmotion approximation with isotropic thermal displacement parameters (U iso ) fixed at 1.2 or 1.5U eq of the relative atom. Considerable electron density was found on the data of the crystal structure, probably because of additional disordered solvate molecules occupying the spaces created by the packing arrangement of the complexes. Efforts to accurately locate, model, and refine these residues turned out to be ineffective, and the investigation for the total potential solvent area using the software package PLATON 41a,b confirmed the existence of cavities with potential solvent-accessible void volume. Thus, the original data sets were treated with the program SQUEEZE, 41c which calculates the contribution of the smeared electron density in the lattice voids and adds this to the calculated structure factors from the structural model upon refinement against the hkl file.
The programs used for molecular graphics were MERCURY 41d and DIAMOND.
41e Unit cell parameters and structure solution and refinement data for all complexes are listed in Table 1 . Crystallographic data (excluding structure factors) for the structures reported in this work have been deposited to the Cambridge Crystallographic Data Centre (CCDC) as supplementary publication numbers CCDC 1559579 (1·3Me 2 CO·2.8H 2 O), 1559399 (2·2Et 2 O·CH 2 Cl 2 ), 1559398 (3·3EtOH·H 2 O), and 1559957 (4·9CHCl 3 ).
Physical Measurements. IR spectra were recorded in the solid state on a Bruker Fourier transform infrared spectrometer (ALPHA's Platinum ATR single reflection) in the 4000−400 cm −1 range. Elemental analyses (C, H, and N) were performed on a PerkinElmer 2400 series II analyzer. Magnetic susceptibility studies were performed at the Chemistry Department, University of Florida, on a Quantum Design MPMS-XL SQUID susceptometer equipped with a 7 T magnet and operating in the 1.8−400 K range. Samples were embedded in solid eicosane to prevent torquing. Pascal's constants were used to estimate the diamagnetic correction, which was subtracted from the experimental susceptibility to give the molar paramagnetic susceptibility (χ M ). 42 ■ RESULTS AND DISCUSSION Synthesis and IR Spectra. Two different synthetic strategies were employed for the synthesis and crystallization of the reported heterometallic Mn−Ca cluster compounds. a Including solvate molecules.
For 5879 reflections with I > 2σ(I). (3), in 30% yield (based on the total available Ca). It becomes apparent that the reaction solvent has an important role in the synthesis and crystallization of 3; both bridging EtO − groups and terminally bound EtOH molecules were found in the structure of 3 (vide infra). Reactions in different alcohols did not yield any crystalline materials but only amorphous precipitates that we were unable to redissolve and crystallize.
Inorganic Chemistry
Expanding this synthetic protocol further, we decided to perform the 1:1:1:3 reaction between Mn(O 2 CPh) 2 ·2H 2 O, Ca(ClO 4 ) 2 ·4H 2 O, shaH 2 , and NEt 3 in the solvent CHCl 3 . The resulting brown solution was left to evaporate slowly at room temperature and, over a period of approximately 1 month, brown crystals formed in yields as high as 20%, which turned o u t t o b e a n e w d e c a n u c l e a r c o m p l e x , (NHEt 3 ) 4 [Mn III 8 Ca 2 (CO 3 ) 4 (shi) 8 ] (4). The coordinated CO 3 2− ions (vide infra) were presumably derived from the fixation of atmospheric CO 2 during aerobic reactions. 44 This could also explain the prolonged crystallization period of 4 compared to the other compounds 1−3. The formation of complexes 3 and 4 is summarized in the balanced eqs 3 and 4, respectively.
18(NHEt )(NO )
The reactions that gave 3 and 4 are both oxidations, undoubtedly by O 2 under the prevailing basic conditions. None of the anions accompanying the metal ions' starting materials appear to participate in the molecular structures of 3 and 4. NEt 3 has the role of proton acceptor to facilitate deprotonation of the shiH 3 groups and solvate molecules (i.e., EtOH to EtO − ). In addition, both anionic clusters 3 and 4 are stabilized by NHEt 3 + countercations. Employment of different organic bases, such as NMe 3 , Bu n 3 N, and Me 4 NOH, did not afford crystalline materials but only oily products that we were not able to further characterize. In all complexes 1−4, the coordinated shi 3− groups resulted from the metal-ion-assisted transformation of shaH 2 under the reported synthetic conditions (vide infra). Finally, by adjusting the experimental molar ratios of the precursors to the stoichiometric equivalents in an attempt to optimize the isolated yields, we failed to reproduce the crystals of all reported complexes.
Unfortunately, complexes 1−4 do not appear to retain their solid-state structures in solutions of various solvent media (i.e., MeCN, CH 2 Cl 2 , and THF), as it was confirmed by electrospray ionization mass spectrometry. It is very possible that this diversity of species in solution is one of the main reasons for crystallizing and structurally characterizing in the solid-state four different compounds from the Mn−Ca/shaH 2 reaction system. We have thus concentrated on the solid-state characterization of these species, which includes IR spectroscopy and magnetic susceptibility studies. All complexes 1−4 have similar IR spectra that are dominated by the stretching vibrations of the aromatic rings of shi 3− in the ∼1595−1380 cm −1 range; these bands in complexes 1 and 2 overlap with stretches from the carboxylate groups, thus rendering their exact assignments very difficult. 45 Contributions from the ν(CN) oximate modes of shi 3− would also be expected in this region. It is very likely that the strong bands at 1595/1432 and 1597/1432 cm −1 in the spectra of 1 and 2 are attributed to the ν as (CO 2 ) and ν s (CO 2 ) modes, respectively; the former should also involve a ring stretching character. The difference Δ [Δ = ν as (CO 2 ) − ν s (CO 2 )] is small (<165 cm −1
) in both cases, as is expected for the predominant bidentate bridging mode of carboxylate ligation (vide infra).
26, 46 The bands at ∼3060, ∼2990, and ∼2970 cm −1 in complexes 1, 3, and 4 can be assigned to the stretching vibrations of ν(N−H) modes from the presence of NHEt 3 + countercations. 26, 47 Finally, the carbonate-related IR bands in 4 could be tentatively assigned to the bands located at ∼1448 and 863 cm −1 , as was previously observed in other carbonate-bridged metal complexes.
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Description of the Structures. The Mn oxidation states in all complexes 1−4 were established by charge-balance considerations, metric parameters, and bond-valence-sum (BVS; 49 4 ] 12+ core (Figure 1, bottom left) , which can also be described as a [ 50 with two Ca II atoms displaced out of the arrangement. All Ca−O bonds are in the range 2.264(3)−2.595(3) Å. All Mn III atoms in 1 are five-coordinate with almost perfect square-pyramidal geometries. This was confirmed by analysis of the shape-determining bond angles using the approach of Reedijk and co-workers, 51 which yields an average value for the trigonality index, τ, of 0.05 for the four metal ions, where τ is 0 and 1 for perfect square-pyramidal and trigonal-bipyramidal geometries, respectively. The Ca II atoms are eight-coordinate in a CaO 8 environment possessing squareantiprismatic geometries. That was confirmed by the continuous-shape-measure (CShM) approach, which essentially allows one to numerically evaluate by how much a particular geometry deviates from an ideal shape. 52 The best fit was obtained for the square antiprism ( Figure S1 ) with a CShM value of 2.21. Values of CShM between 0.1 and 3 usually correspond to a nonnegligible but still small distortion from ideal geometry. 53 The coordination spheres of the Ca II atoms in 1 are completed by three and one terminally bound H 2 O and acetone molecules, respectively. Recall that four coordinated H 2 O molecules were found in the active site of the native OEC, two of which are bound to the Ca II atom. These H 2 O molecules could serve as substrates for the overall catalytic reaction to proceed, including subsequent deprotonations with metalcentered oxidations preceding O−O bond formation. 54 To that end, complex 1 may be of some interest to the catalytic cycle of the OEC.
T Figure S2 ). Given the presence of Cl − groups in the vicinity of the active site of the native OEC and their structural role in both maintaining the coordination environment of the {Mn 4 Ca} cluster and functioning as either proton exit channels or water inlet channels, 13 complex 2 could be structurally interesting because it is only, to the best of our knowledge, the second Cl-bridged Mn−Ca cluster reported to date (Table 3) .
h e c r y s t a l s t r u c t u r e o f 2 c o n s i s t s o f [Mn
The crystal structure of 3 consists of [Mn 8 Ca-(OEt) 2 (shi) 10 (EtOH) 2 ] 2− dianions (Figure 3, top) , each of which is counterbalanced by two NHEt 3 + cations. In addition, there are EtOH and H 2 O solvate molecules in the crystal lattice, which will not be further discussed. The asymmetric dianion of 3 comprises four Mn III (Mn1, Mn2, Mn6, and Mn7) and four Mn IV (Mn3, Mn4, Mn5, and Mn8) atoms (Table 2) , bridged together through the oximate groups of eight η III pairs, and they deviate significantly from linearity. This is most likely the main reason for stabilization of the asymmetric structure of 3, and consequently for the first time in Mn−Ca/ shi 3− chemistry, we observed a structural motif that does not contain any discrete or repeating {Mn 4 Ca} square-pyramidal units. Finally, complex 3 is a rare example of a heterometallic Mn−Ca cluster containing both Mn III and Mn IV atoms, and the first non-oxido-bridged complex with an unprecedented 8:1 Mn-to-Ca metal ratio (Table 3) .
T II atoms. Alternatively, complex 4 can also be seen as a {Mn 8 } molecular "capsule" that accommodates two Ca II atoms in its cavity ( Figure 5 ). To the current degree of knowledge, a more possible scenario is that two solution-stable {Mn 4 Ca} units were assembled and linked together through the CO 3 2− groups rather than the two Ca Figure  S4 ). Finally, complex 4 is the first heterometallic Mn−Ca complex bearing coordinated carbonato groups and the first Mn−Ca complex with an 8:2 metal stoichiometry (Table 3) . Considering the fast-developing field of heterometallic Mn− Ca chemistry, we felt timely to report in Table 3 all of the structurally characterized Mn−Ca cluster compounds reported to date, together with some of the most significant features from a bioinorganic perspective (i.e., metal stoichiometry, Mn oxidation states, and overall magnetic response). It becomes apparent that complexes 1−4 are quite unique in their metalion stoichiometries, topological arrangements, oxidation state descriptions, and the nature of the ligands bound to the metal ions.
Solid-State Magnetic Susceptibility Studies. Variabletemperature direct-current (dc) magnetic susceptibility measurements were performed on powdered polycrystalline samples of analytically pure complexes 1·2H 2 O, 2, 3·2H 2 O, and 4· To this end, the χ M T versus T data for complex 1 were fit to the theoretical expression for a {Mn 
Considering the very similar Mn−O−N−Mn torsion angles and Mn···Mn separations within the Mn 4 square, all interactions between neighboring Mn III atoms were considered as equivalent (1 − J model). The fit parameters were thus J and g. A good fit of the experimental data (red solid line in Figure  6 ) in the temperature range 300−15 K was obtained using the program PHI (H = −2J ij Ŝi·Ŝj convention). 70 The best-fit parameters were J = −2.94(1) cm −1 and g = 1.96(1), in very good agreement with the previously reported {Mn III 4 Ca} complexes possessing square-pyramidal topologies. Data below 15 K were omitted to avoid effects from Zeeman interactions, magnetic anisotropy, and crystal structure disorders; these are all factors that are not included in the above model. 26 The fit of the data indicates an S = 0 ground , J 2 = −4.13(1) cm −1 , and g = 1.95(1), and these were derived from the program PHI for the entire temperature range (blue solid line in Figure 6 ), thus confirming the overall antiferromagnetic response of the compound and stabilization of an S = 0 spin ground state.
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The employment of a third J coupling constant to consider any possible interaction between the Mn II and Mn III atoms gave us a negligible value (∼0 cm −1 ). This is reasonable because the Mn II and Mn III atoms in 2 are solely bridged by the Cl − groups, which are expected to provide a very weak to negligible superexchange magnetic pathway when forming an almost linear angle between the metal centers [Mn1−Cl1−Mn3′ = 169.8(1)°], and the bonding is weak as well [Mn1−Cl1 = 2.486(1) Å and Mn3−Cl1 = 2.870(3) Å].
The larger nuclearities and low symmetries of complexes 3 and 4 rendered the fitting of the magnetic data impossible. A powerful complement to dc studies for determining the ground state of a system is alternating-current (ac) magnetic susceptibility measurements, which preclude any complications . Space-filling representations of the "vacant" {Mn 8 } molecular "capsule" of 4 (left) and its complete {Mn 8 Ca 2 } structure (right) resulting from the filling of the cavity by two Ca II atoms. The color scheme is as in Figure 4 .
arising from the presence of a dc field. These were performed for both 3 and 4 in a 3.5 G ac field oscillating at different frequencies. The in-phase susceptibility (χ M ′) is shown as χ M ′T versus T plots in Figure S5 and reveals some pertinent and common features for both complexes 3 and 4: (i) χ M ′T decreases linearly with decreasing temperature in the 1.8−14 K range, indicating depopulation of a high density of excited states with spin S greater than that of the ground state; (ii) linear extrapolation of the χ M ′T data down to 0 K gives a value of ∼0 cm 3 K mol −1 for both 3 and 4, indicative of S = 0 ground states.
Relevance of Complexes 1−4 to Different Oxidation States of the OEC: A Qualitative Approach. A qualitative and brief discussion of the relevance of complexes 1−4 to some species of the native OEC is herein attempted. In addition to the bridging/chelating shi 3− ligand, most of the reported compounds contain carboxylate, chloride, water, and/or carbonate groups akin to the coordination environment of the metal ions in the native enzyme. We recognize that, within the structures of 1−4, the Mn···Mn (between closest neighbors) and Mn···Ca separations span the ranges 4.623− 4.652 and 3.680−3.773 Å (1), 4.624−6.283 and 3.620−3.856 Å (2), 3.180−6.639 and 3.545−4.048 Å (3), and 4.612−6.122 and 3.601−3.635 Å (4), respectively; these values are significantly larger than the corresponding values of 2.7−3.3 and ∼3.4 Å for the OEC in PSII. This is clearly due to the absence of bridging oxido groups and the presence of Mn II / Mn III atoms within 1−4. However, the structures of the reported compounds may be of some relevance to the OEC in other ways. Because the S 1 Kok state of the OEC occurs at the a Excluding all lattice solvate molecules and counterions. Abbreviations: n.r. = not reported; t.w. = this work; L1H 3 = 1,3,5-tris[2-di-2′-pyridylhydroxymethylphenyl]benzene; THF = tetrahydrofuran; HON 4 OH = N,N′-dimethyl-N,N′-diacetylethylenediamine dioxime; OTf − = trifluoromethanesulfonate; L2H 3 = 2-(2,3-dihydroxypropyliminomethyl)-6-methoxyphenol; L3H 2 = 2-[[(2-hydroxypropyl)imino]methyl]-6-methoxyphenol; L4H 4 = p-tert-butylthiacalix [4] arene; DME = 1,2-dimethoxyethane; qn = isoquinoline; Me-saoH 2 = 2-hydroxyphenylethanone oxime; L5H = 2-naphthoic acid; L6H = 9-anthracenecarboxylic acid; L7H = 1-pyrenecarboxylic acid; DMF = dimethylformamide; H 2 sal = salicylic acid; H 3 tpaa = 6,6′,6″-nitrilotris(methylene)tripicolinic acid; H 4 cit = citric acid; MeOEtOH = 2-methoxyethanol; bipy = 2,2′-bipyridine; Bu t PhCO 2 H = p-tert-butylbenzoic acid. 72 Furthermore, the similarity between the oximate N−O bridging unit of shi 3− within 1−4 and the M−N−O−M unit found in hydroxylamine-bridged metal complexes 73 is interesting and suggests that 1−4 may be providing insight into the types of subunits that might be generated upon reduction of the OEC with NH 2 OH.
■ CONCLUSIONS
In conclusion, we have shown that shiH 3 is a versatile chelating/bridging ligand that can support the formation of heterometallic Mn−Ca clusters with unprecedented topologies, metal stoichiometries, and oxidation-state descriptions. The reaction schemes employed in this work were quite diverse, ranging from the use of {Mn .
The combined results also demonstrate the ability of shi 3− to stabilize Mn ions in high oxidation states (i.e., Mn IV ) without requiring the support of oxido groups. It must be admitted that the cores and metal stoichiometries of 1−4 are different from the extended {Mn 4 Ca} cubane core of the native OEC. This, however, does not preclude some relevance of the reported compounds to both the high-valent scheme (Mn ; 3) and loweroxidation-level species (1, 2, and 4) that are intermediates during the assembly of the OEC in vivo or those generated by treatment of the OEC with strong reducing agents.
We are still seeking ways and new synthetic conditions to stabilize Mn−Ca/shi 3− complexes with coordinated and bridging O 2− groups, as a means of obtaining heterometallic cluster compounds with more relevance to the S 0 −S 3 states within the high-valent scheme of the catalytic Kok cycle. In addition, work in progress includes the synthesis and systematic investigation of various new hydroxamic acids and oxime-based ligands in Mn−Ca coordination chemistry. Finally, the {Mn 4 Ca 2 } octahedral arrangement of 1 is very similar to the one seen before in Mn−Ce chemistry albeit with different bridging and ancillary ligands. 74 This is important when targeting the deliberate replacement of Ca II atoms by paramagnetic and anisotropic 4f metal ions in an attempt to synthesize molecule-based magnets.
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